Abstract -The objective of this work is to compare anatomical measurements to wood density variations within annual rings of three major softwood species, Norway spruce, Scots Pine and Silver Fir. The six selected annual rings were sampled within a database of thousand microdensitometric profiles measured on wood samples collected in Finland and France. Each of the six studied annual rings represents one average profile of wood density for a given age class and age ring width. The dimensions of the tracheids are performed in the radial-tangential plane by using two different planimetric methods. The wood density profile within each ring is calculated simply by the mean of the tracheid dimensions and by using a constant value for the cell wall density. We have verified that the knowledge of the (i) tracheid geometry and (ii) the usually admitted value of the cell wall density allows us to calculate intra ring wood density profiles which are similar to the X-rays wood density profiles in terms of variations but very different in average. Thus it appears necessary to calibrate by using an apparent cell wall density varying inside the rings and being far weaker than the effective cell wall density of 1460 kg/m³ as it is usually admitted in the literature.
INTRODUCTION
Basically all physical properties of wood are determined by factors inherent in its structural organisation. These can be summarised as: (i) the amount or proportion of cell wall substance present in a given piece of wood and (ii) the spatial arrangement of the wall substance. Wood density is a measurement of the quantity of material contained in a certain volume but it gives no information on its spatial distribution.
As wood density provides a good but limited explanation of the wood properties, we believe that consideration of the anatomical characteristics could allow a better understanding of this material behaviour. Because the ring anatomy represents the expression of the tree genotype at a given height and cambial age and under the annual growth conditions (precipitation, temperature, soil…), it appears to be the link between the tree physiology and the wood quality.
At present, the main approach of the anatomy -wood density relationship consists of the estimation of a calibration factor called the cell wall apparent density [19, 29, 33, 41, 43, 47] based on the measurements of (i) the density of a wood sample, a wood block for gravimetry or a 2 mm thick section for X-ray 252 V. Decoux et al. and (ii) the cell wall proportion on its area or on a section withdrawn from it. The apparent density of the cell wall is then obtained from the wood density divided by the cell wall proportion by making the following assumptions.
The cell wall proportion is constant within each sample thickness, in other words the longitudinal tracheids and their walls are uniformly wide throughout their length. This appears reasonable as only the tracheid pits are sharp and as the tracheids are at least a few mm long.
The tracheids occupy the whole wood volume. Indeed in coniferous wood the tracheids represent more than 93 % of the total number of cells [3] .
This wood density/cell wall proportion ratio should be a measure of the wood matter density (cell walls, middle lamella, walls of ray cells and canals), which is considered as cell wall density [29, 32, 43] , and is sometimes called apparent density of the solid substance [47] , specific gravity of the cell wall [30, 33] or packing density [18, 41] .
In the literature the relationships between wood density and tracheid dimensions are difficult to compare since different variables were measured, with different techniques and on different species.
The relative importance of different tracheid dimensions on wood density can be assessed by multiple regression analysis using the criterion of adjusted R 2 [14, 21] but without taking possible serial correlation into account neither the non stationary character of the measurements all along a ring and with only a limited number of available anatomical characteristics.
In a different way, Wimmer [46] has proposed a numeric wood density model based on a rectangular and uniform tracheid shape in cross section whose differentiation allows an evaluation of how individual anatomical parameters mathematically change wood density.
The multiple linear regressions approach [14] shows that (i) the earlywood lumen diameters (radial and tangential) and (ii) the latewood proportion have both the strongest relationships with wood density. The tracheid dimensions are less good predictors for wood density at age 3-4 than at age 21-26. For Lindström [21] , wood density is found dependent on latewood percentage and the inverted value of the earlywood radial tracheid diameter (R 2 = 0.80). Wimmer [46] confirms the latewood percentage being a good predictor for wood density.
This study intends to compare the evolution of the intra ring density and of anatomical characteristics measured on the transverse plane all along the ring in order to obtain an anatomical interpretation of the wood density microvariations measured by X-ray. At the same time, it will be possible to compare two optical methods of measurement of the anatomical characteristics: manual (planimetry) and automated (image analysis).
The manual method implies (i) to count the total number of tracheids and (ii) to measure the cell wall thickness. Based on these figures, with the support of one simple geometric model and by the mean of the expected value for the cell wall density, it is possible to calculate the wood density variations. Such approach permits to rely simply the wood anatomy to the wood density. Two simple geometric models for the tracheids are tested in order to determine their sensitivity to the wood density calculation.
As image analysis is the most used tool for wood anatomy, we have compared the planimetric method to the image analysis method. This method involves several processes such as thresholding that can affect the cell wall proportion measurement.
Our objective is to examine for three softwood species, how the intra ring wood density can be exactly predicted by the knowledge of (i) the tracheid geometry, actual or simulated, and of (ii) the packing density of the cell wall.
MATERIALS AND METHODS

Samples selection
From a previous work done by the Wood Quality Team from INRA-Champenoux Centre, the microdensitometric data and the mounted microtomic sections (12 µm thick, stained with safranin) of three conifers species (Picea abies, Pinus silvestris and Abies alba) of different origins (North East France, North and South Finland) were available. The microdensitometric data were classified in age classes of 30 years and ring widths of 1 mm. Only the classes containing data for more than 50 rings and at least 5 trees were kept. For each of these classes, a mean microdensitometric profile was calculated and within our data base we have selected the ring, whose actual densitometric profile was the closest to the calculated mean profile. Table I presents a breakdown of the studied samples.
Microdensity determinations
The densities of the six selected rings were obtained from X-ray densitometry (Joyce Loebl) of 2 mm thick sections, air dried at 12% moisture content [26, 27] . This method allows to measure density microvariations [20, 22] as the radial step of measurement may be as small as 25 µm [23, 24] . The investigated width is 1000 µm in the tangential direction. The microdensitometric data of the six rings are presented in Table II . The rings were divided in 20 equal parts in the radial direction, a mean being calculated for each one.
Planimetric method
The six sections were photographed with an enlargement of 45. A window was disposed on each ring of a radial size equal to the ring width. The tangential width of the window depended on the width of the section and straightness of the ring limits. The selected widths were 3000 µm for Finland spruce, France spruce and France fir; 1500 µm for France pine and South Finland pine and 1000 µm for North Finland pine. When rays or canals were present, the measured area was limited to the area occupied by tracheids only.
Each ring was then divided in 20 equal parts in the radial direction. Anatomical measurements were made by human eye with a micrometric scale integrated into a magnifying glass. The tracheids only were taken into account.
For the six rings we obtained the number of cells per length unit by counting the total number of tracheids in both radial and tangential directions. The cell wall thickness was measured for only 50 tracheids randomly selected in each of the 20 parts of each ring, for both radial and tangential directions. The total number of tracheids counted in the radial direction vary among each divided part of the rings by a factor 2. For instance this number vary from 64 up to 117 tracheids for a narrow ring (North Finland pine) and from 131 up to 240 for a wider ring (South Finland pine).
From these measurements (i) the mean tracheid sizes in the radial and tangential directions and (ii) the mean cell wall thickness were obtained for each ring. Two simple geometric models were then used and tested in order to display these results in terms of intra ring wood density variation. The tracheids are assumed to be rectangle or hexagonal shaped in the transverse plane (Fig. 1 ). The second model was considered because the rectangular model does not fit well the visual pattern of the observed softwoods tracheids. As the angle between an axis passing by a corner of a hexagon and the adjacent median is of 30°: S = 6 H · (H · tang 30°), as tang 30° = , thus S = 2 · · H 2 . As well:
And again, if drx = the wood density measured by x ray: apparent density of the cell wall = drx / cell wall proportion = drx · S/s = drx · H 2 / (H 2 -H' 2 ).
The use of rectangular and hexagonal models of cell shape allows the determination of the mean cell wall area, width and proportion. The cell wall apparent density is then obtained from the wood density/cell wall proportion ratio.
Image analysis method
Measurements were made on the same mounted sections as the planimetric method. Images of the rings were acquired at a magnification of 300 with a transmission microscope and by the use of Analysis © . At this magnification, the resolution of the images is 0.76 µm/pixel. The procedure of acquisition (adjustment of the microscope, its focal length and illumination) was tested and settled down to ensure its reproducibility.
The rings images have a radial size equal to the ring width and a tangential width of 1000 µm. Only the South Finland pine ring image has a width of 802 µm.
Before making any measurements on the rings images, those have to be binarized. A digital image is characterised by a grey level histogram which represents the number of pixels belonging to the 256 different grey level values (from 0 (black) to 255 (white)). The grey level histogram of a ring image is a bimodal curve consisting of a first peak of dark pixels (low grey level values) corresponding to matter (tracheids, ray cells and canals walls) and a second one of light pixels (high grey level values) corresponding to voids (lumens and pores). As matter has to be separated from voids, the rings images are binarized so that a grey level of 0 is applied on the pixels belonging to matter (for which the original grey levels are lower than the threshold value) and a grey level of 255 on the pixels belonging to the voids (for which the original grey levels are higher than the threshold value). This binarisation, meaning the choice of a threshold, is made by automatic thresholding with Labview © (National Instruments). The thresholding mode leading to the more realistic separation between material and lumen is chosen.
Each image is divided into 20 parts in the radial direction so that one threshold is applied to each of those ring parts. It is preferable to do the segmentation on parts of the image, rather than on the complete image of the ring at one time, since the grey levels of the lumens in the earlywood have a tendency to be brighter than in the latewood, in view of the differences between the architectures of early and latewood cells [5] .
On each tangential pixels line of the binarized image the numbers of black pixels nbp (corresponding to matter) and white pixels nwp (corresponding to voids) are counted. The proportion of matter in area is then obtained from nbp/(nbp + nwp).
This proportion of matter was measured at first on the images of the whole rings and then on images of tracheids only (on which the rays, canals and defects were excluded).
When measuring the proportion of matter on the whole images, the walls of tracheids, rays and canals are considered. The ratio wood density / proportion of matter gives thus a measure of the apparent density of the tracheids, rays and canals walls. When only the tracheids are considered, the tracheid wall proportion is measured and the apparent density of the tracheid wall calculated.
RESULTS (TABS. III TO VIII)
The density of wood increases all along the period of a growth ring as a consequence of anatomical and chemical modifications. The mean variation for the six studied rings is a LW (latewood) density about 3 times greater than the EW (earlywood) density, that is in the range of the 1 to 4 times variation already reported [16] . The evolution of density is also more abrupt in the LW [28] .
Planimetric method
Based upon (i) the anatomical measurements and (ii) the geometric model, the intra ring density variation is readily displayed in order to compare with the measured X-ray density profile. For the six rings, when multiplying the calculated cell wall proportion with the accepted cell wall density value of 1530 kg/m³ [36] , the obtained wood density profile is higher than the measured one (Fig. 2) . The use of a rectangular model leads to higher cell wall proportion, thus an even higher calculated wood density than the hexagonal one due to mathematical considerations. It seems preferable to use the hexagonal model as it also fits the real tracheid shape better.
The calculated apparent densities of the cell wall vary along the six rings between 1030 and 1460 kg/m³, values quite far from 1530 kg/m³. Those densities vary from EW (mean value for the six rings of 1140 kg/m³) to LW (mean value of 1360 kg/m³).
This increase of the apparent density of the cell wall shows that the cell wall proportion alone (rendering the anatomical variations) is not responsible of the entire wood density increase from EW to LW.
Image analysis method
As with planimetry, the wood density is over estimated when applying a density of 1530 kg/m³ to the measured cell wall proportion (Fig. 3) . The exclusion of rays and canals smoothes the measurements as it excludes local characteristics. This is illustrated on Figure 4 . On this figure we have reported the X-ray wood density measurement and the wood density profiles calculated by the mean of the cell wall proportion obtained by image analysis of the sections. The cell wall proportion is measured (i) for the whole image (tracheids and resin canals) and measured (ii) for tracheids only. For all the rings but especially the FraS sample (Fig. 5) , the exclusion decreases the measured proportion of matter, especially in the earlywood.
The calculated apparent densities of (tracheids, rays and canals) walls vary between 880 in the EW and 1140 kg/m³ in the LW and the apparent densities of the tracheids walls range from 940 to 1150 kg/m³, values again quite far from 1530 kg/m³. 
Planimetry compared to image analysis
Fukazawa [13] measured a cell wall proportion in area increasing from ± 35% at the beginning to ± 90% (80% for the juvenile wood) at the end of the ring and for Quirk [31] it varied from 30 to 90%. Our planimetry and image analysis yield a somewhat lower cell wall proportion, but in the same range of variation.
The cell wall proportion obtained by the different methods (Tabs. III to VIII) rises from, in order, planimetry with the hexagonal model, planimetry with the rectangular model, image analysis on masked image to image analysis on whole ring image. This is illustrated on the Figures 5 and 6 . As planimetry uses a cell shape model, the calculated proportion is that of the tracheid walls only and this proportion will thus logically be inferior than those measured with image analysis. When rays and canal walls are excluded the measured proportion gets closer to the planimetric results.
The methods themselves are also responsible for some of those differences. The use of a rectangular or hexagonal model for the tracheid shape leads to simplifications. Those models assume that the cell wall thickness is constant all around the perimeter of the cells. The hexagonal one also supposes the equality of the radial and tangential dimensions of the tracheids.
DISCUSSION
Apparent density of the cell wall
After Stamm's 1929 works, inferior cell wall and wood substance densities were obtained by physical measurements (helium, mercury, benzene and toluene displacements). A mean value of 1460 kg/m³ which may be considered as the dry cell wall density value, and also as the density of the dry wood substance (as the dry cell wall would be essentially non porous [34, 35, 39, 40, 42, 44] ) may be brought out for conifers [4, 19, 38, 39, [43] [44] [45] .
Planimetry and image analysis both give apparent cell wall density values of around 1000-1400 kg/m³, values different from 1530 kg/m³ and 1460 kg/m³.
The literature points out that all the optical estimations of the apparent density of the cell wall [19, 30, 32, 33, 41, 43, 47] show a clear tendency for being far weaker than the value of 1460 kg/ m³. Only Quirk [29] obtains values closer to 1460 kg/m³.
To our knowledge there is not only one unique explanation of this difference between the value of 1000 and 1460 kg/m³ but some suppositions can be made.
• The quality of the observed sample is of great importance. The measurements using automated microscopy on wood sections are at least as accurate as any other practical quantification method but there is a requirement that the samples be free from damage, thin and uniformly stained. Danborg [5] working with image analysis mentions that the quality of the image depends on the quality of the microtome section, and the quality and resolution of the microscope and camera. Indeed, intercellular spaces are only detected if the system's resolution allows it.
• Some corrections should be applied in view of the measurements conditions.
-The thickness of the section may be responsible for a parallax problem leading to an overestimation of the cell wall area [1, 5, 25] . A correct focus during the acquisition of the images is thus essential. For Donaldson [6] , there can be an effect of "out-of-focus" due to the thickness of the sections and ray cells and pits may be filled by the inclusion of lateral walls on the deepness of the image.
-The treatment of the wood sample leading to the measured support (section) may not leave the wood intact. Fengel [11] reports in this way that fibres are getting thicker during wood impregnation as the polymerisation reaction occurs in a media that penetrates into the fibre quicker than in the outside media. Wood slicing may also be responsible of an increase of the cell wall area [19] .
-During drying, sections are subjected to shrinkage and this latest would be responsible of a reduction [6, 7, 30] or of an increase [19] of the cell wall proportion. Intra-ring density and anatomy in conifers 261 -The moisture content of a mounted section is not known with accuracy and according to Boutelje [2] the observed shrinkage varies with the used drying technique.
• Even if rays and canals are excluded, the measured area proportion is that of the visible material on a transverse plane that is the cell wall but also the middle lamellae, the cell wall thickenings in contact of the rays. All the pre-existing but also the eventual neo-formed voids, that aren't detected, are also considered as part of the matter. Those voids may play a great role in the difference between the optically assessed packing density of around 1000 kg/m³ and the cell wall density measured directly on wood substance of around 1460 kg/m³.
Interpretation of the intra ring wood density variations
From EW to LW, the wood density increase is the consequence of (i) anatomical modifications: increase of the cell wall width and increase of the number of cell rows in both directions (but more slightly in the tangential direction) and (ii) chemical ones: the cell wall density increases slightly from EW to LW as a consequence of the variation of the structure and chemical composition of the cell wall.
The anatomical changes are mainly responsible for the wood density variations as the packing density variations play only a minor role.
Anatomical point of view: cells sizes measured by planimetry
From EW to LW the tracheids become smaller and their walls thicker. These anatomical variations result in an increase of the cell wall proportion all along the ring. The changes of the cells sizes are greater in the radial [9, 17] than in the tangential direction [8] as the number of cells rows increases much more in the radial than in the tangential direction.
The more important variation of the cell wall thickness compared to those of the cells size as already observed [12, 15] confirms that the cell wall thickness variations play a major role in the wood density variations.
Chemical point of view: evolution of the apparent density of the cell wall
The calculated apparent density of the cell wall (with both methods) shows a slight increase from EW to LW that may be explained by anatomical and chemical considerations.
In the LW the cell walls thickness of the S 2 (the richest in cellulose) and S 1 layers, are strongly and weakly thicker than in the EW, respectively while the S 3 layer and the primary wall have almost the same thickness all along the ring [10] .
Stamm [37] notices that the compound middle lamella (primary wall and middle lamella together) is much thicker in the LW than in the EW as for Fukazawa [13] , the middle lamella proportion in relation to the entire cell wall is of 10-15% and stays practically constant all along the ring. As LW fibres are more circular, more middle lamella is found at the junction of four fibres [37] . The taking into account of the middle lamella in the area measurements would thus play a more important role in the LW.
From a chemical point of view, the composition of the cell wall also varies, explaining a superior cell wall density in LW than in EW. Yiannos [47] finds LW cell wall densities superior by at least 100 kg/m³ than in EW. Wilfong's [45] observations also point in that direction and his explanation is that the thicker S 2 layer and the higher cellulose content of the LW cell wall account for the difference observed. Stamm [37] confirms the increase of the cellulose content of the cell wall from EW to LW and observes an increase of the cell wall density from EW (1416 kg/m³) to LW (1450 kg/m³) for the rings close to the pith, but this increase becomes negligible for rings 26 to 33 on average: cell wall density = 1459 for the EW and 1461 kg/m³ for the LW.
CONCLUSIONS
We have verified that the knowledge of the (i) tracheid geometry and (ii) the usually admitted value of the cell wall density allow us to calculate intra ring wood density profiles which are similar in terms of variations than the X-rays wood density profiles but very different in average. Thus it appears at least necessary to calibrate carefully the optical measurement by using an apparent cell wall density which is far weaker from the effective cell wall density of 1460 kg/m³ obtained by physical measurements. In addition this calibration needs to vary inside the ring in order to match perfectly both profiles according to the method used for the determination of the cell wall proportion (Fig. 6) . The effects of the treatments of the wood sample (embedding, slicing, drying…) and of the image of the rings (acquisition procedure, thresholding…) should be carefully tested and accurately quantified.
Based on this result gained for raw material from three important softwood species, a further and useful development could be to test how and if it is possible to determine, for a given and known species, the tracheid geometry variations directly from the intra ring density profile.
